Current and leader development characteristics of winter lightning occurring in the coastal area of the Sea of Japan are reviewed. The characteristics of winter lightning are different from those of usual lightning that occurs mainly in summer. The occurrence of upward flashes, the percentage of current polarities, and the median values of current peaks in winter lightning are summarized. Typical current waveforms and the corresponding leader developments of winter lightning observed at the chimney of the Fukui thermal plant are shown. We examined the parameters (peak, duration, charge transfer, action integral) of the current waveforms of winter lightning.
Introduction
Many researchers have studied the characteristics of lightning occurring along the coast of the Sea of Japan in winter (winter lightning) for about thirty years (1) . The first observation of the current waveforms of winter lightning started in 1978 at an isolated lightning rod in a nuclear power plant with a shunt register (2) . In the 1980s, many researchers attempted to measure the current waveforms of winter lightning in order to develop the lightning protection of the electric power system (2) . The first observation of leader developments of winter lightning was conducted at the weather observation tower in the Kashiwazaki nuclear power plant with an image converter camera in 1980 (3) . After that, CRIEPI developed ALPS (Automatic Lightning Progressing feature observation System) and measured leader developments of winter lightning in detail (3) . In this report, we review the characteristics of current waveforms and leader developments of winter lightning. In particular, we focus on upward lightning discharges striking tall structures in winter and compared the current waveform of winter lightning with that of usual lightning.
General Characteristics

Leader Characteristics
There are many upward flashes in winter along the coast of the Sea of Japan. Figure 1 shows typical winter lightning discharges observed at the 200 m chimney in the Fukui thermal plant (Fukui chimney) on the coast of the Sea of Japan. Table 1 gives the percentage of upward flashes in winter lightning at different structures. Some values of the percentage in Table 1 are not so accurate because of small sample size of the data sets. In usual lightning, upward flashes occur at very tall structures (> 200 m height) or at structures located in mountainous areas. Upward flashes can occur in winter lightning at structures with a height of about 100 m on flat terrain, as shown in Table 1 .
Furthermore, some observation results suggest that upward (12) .
Current Characteristics
Current waveforms of winter lightning have been measured at isolated towers or transmission lines in the coastal area of the Sea of Japan. Table 3 lists the polarity of winter lightning. Although the percentage of negative polarity of conventional lightning is about 90% in Japan (13) , the percentage of negative polarity of winter lightning is between 50% and 70%. Furthermore, the percentage of negative lightning discharge striking isolated towers is higher than that striking transmission lines. The polarities of the lightning discharges observed at the Okushishiku test transmission line in winter are positive (31) (32) . Thus, the polarity of lightning discharges depends on the structure and geophysical conditions. Table 4 gives the median values of current peaks of winter lightning. The current peak appears to be independent of the Table 4 . Median of current peak of winter lightning structure. Most of the median values in Table 4 are smaller than the median of the current peak of conventional lightning (I = 26 kA), because most lightning discharges in winter are upward. In general, current peaks of upward lightning discharges are smaller than those of conventional downward lightning discharges (1) .
Current Waveforms and Leader Developments of Winter Lightning
In this section, we show the current waveforms and leader developments observed at a 200 m chimney of the Fukui thermal plant in winter. The Fukui thermal plant is located on the coast of the Sea of Japan. The current waveforms are obtained using two shunt registers. The leader developments have been obtained using ALPS (3) (13) (23) . Furthermore, we compare the parameters (peak, flash duration, charge transfer, action integral) of the current waveforms observed at the Fukui chimney with those of conventional lightning observed at towers on Monte San Salvatore by Berger.
Negative Lightning Discharges
There are the following two typical current waveforms in winter lightning observed at the Fukui chimney.
One of the typical waveforms is a negative continuous current with current pulses. Figures 2 and 3 show current waveforms and the corresponding leader development observed at the Fukui chimney.
Most of the current waveforms of negative lightning discharges at the Fukui chimney exhibit pulsations with frequencies of 5-50 kHz during their initial portion, as shown in Fig. 2 . There are similar pulsations of lightning currents at the 150 m Meteorological tower (19) . Although pulsations of the current waveform have been found in upward lightning in other countries, those occurrences are less frequent than that in winter lightning in Japan (25) . The upward leader from the chimney propagates without step processes. However, the luminosity of the leader changes with the pulsations. The mean speed of the upward leader in Fig. 3 
The current waveform is similar to a typical waveform of the return stroke. The risetime is less than 2 micro sec. In Fig. 5 , the luminous channel propagates from the chimney towards the thunderclouds at a speed of about 5 × 10 7 m/s, which is similar to that of a dart leader in subsequent stroke processes. However, the direction of leader development and the shape of the current waveform suggest that the development of the luminous channel is a return stroke. Table 5 gives the parameters of the negative flashes observed at the Fukui chimney in winter lightning with those of usual negative lightning. The charge transfer of negative flashes of winter lightning is larger than that of usual lightning. The charge transfer of more than 1000 C has been reported in winter lightning (3) (18) . The action integral of winter lightning is similar to the that of downward lightning flashes.
Positive Lightning Discharges
Figures 6 and 7 show the current waveform and the corresponding leader development at the Fukui chimney.
The median of the risetime of the current waveforms is about 2.3 ms (0.3-8 ms). According to Berger's explanation, this means that the upward leader initiated from the chimney connects to the downward leader in thunderclouds (28) . Half of the current waveforms of positive lightning discharges at the Fukui chimney exhibit pulsations of frequencies 50-500 kHz during the initial portion of their waveforms as, shown in Fig. 6 . The negative upward leaders observed at the Fukui Table 6 . Parameters of positive flashes (Median) (23) chimney in winter lightning exhibit many branches as, shown in Fig. 7 . It is likely that the generation of these branches corresponds to the pulsation of the current waveform. The mean negative upward leader speed is 6 × 10 6 m/s (7) . Table 6 shows the parameters of the positive flashes observed at the Fukui chimney and those of usual positive lightning. The flash duration and charge transfer of positive flashes of winter lightning are similar to those of usual lightning. The action integral of winter lightning is smaller than that of usual lightning. This is due to the difference in the current peak between winter lightning and usual lightning.
Bipolar Lightning Discharges
Bipolar lightning discharges exhibit polarity reversals of the current during their flashes. Narita et al. found that there are many bipolar flashes in winter lightning (29) . The percentage of bipolar flashes in winter lightning is very high compared with that in usual lightning (See Table 3 ). The current waveforms of bipolar lightning discharges are classified in three typical waveforms (30) . 
( 1 ) The bipolar discharge is associated with a polarity reversal during the initial continuous current (Type 1).
( 2 ) The bipolar discharge is characterized by different polarities of the initial continuous current and of the following return strokes (Type 2).
( 3 ) The bipolar discharge involves return strokes of opposite polarity (Type 3).
In winter lightning at the Fukui chimney, the percentages of type 1, type 2 and type 3 are 60%, 30%, and 10%, respectively. Figures 8 and 9 show the current waveform and the corresponding optical images of the bipolar lightning discharges of Types 1 and 2, respectively. The optical images were obtained using a high-speed video camera (4500 frames/sec). The figures show that the luminosity of the lightning discharge channel increases when the polarity reversal of the current occurs. Narita et al., suggested that in bipolar lightning discharges, currents of both polarities follow the same channel, but from different, oppositely charged regions in a cloud (29) . Table 7 gives the parameters of bipolar flashes at the Fukui chimney and those of usual bipolar lightning. The charge transfer of bipolar flashes is much greater than that of usual lightning. Table 7 . Parameters of bipolar flashes (median) (23) 
Summary
We reviewed current and leader characteristics of winter lightning occurring along the coast of the Sea of Japan. The characteristics of winter lightning are summarized as follows.
( 1 ) The percentage of upward flashes in winter lightning is very high. In particular, upward flashes in winter lightning have been observed at structures of less than 100 m in height.
( 2 ) The percentage of negative flashes in winter lightning is small compared with those in usual lightning. Furthermore, the percentages are lower for negative lightning discharges striking the transmission lines than isolated towers.
( 3 ) The median values of peak currents in winter lightning are smaller than those in usual lightning.
( 4 ) The negative upward leaders observed at the Fukui chimney in winter lightning exhibit many branches. On the other hand, the positive upward leaders do not exhibit branches.
There are many reports concerning upward flashes of winter lightning, because most of the observations of winter lighting have been conducted at tall structures (transmission line, chimney, etc.). On the other hand, there are few reports on the downward flash of winter lightning. Nevertheless, the downward flashes are important for the lightning protection of low structures. This is a subject for future study.
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